Introduction
The human airway epithelium (HAE) is a crucial environmental interface involved in numerous disease processes. Investigations using cultured HAE cells are instrumental for de®ning the biology of the HAE.
However, primary cells in culture have a ®nite replicative lifespan (Hay¯ick and Moorhead, 1961) that limits the scope of their experimental manipulation. This practical limitation has fostered numerous eorts to develop cell lines derived from HAE that possess unlimited replicative potential.
Early attempts at generating either immortalized or transformed HAE cells relied on physical and chemical mutagenic agents (Stoner et al., 1980) or the transfection of single genes (Reddel et al., 1988a,b; Yoakum et al., 1985) . Such treatment of primary cultures of HAE cells sometimes led to the outgrowth of rare immortalized or tumorigenic clones, but such clones contained an unknown number of alterations in their genomes and thus were of unknown genetic constitution. Similarly, tumor cell lines have been derived from surgical specimens from patients with lung cancer. Such established cell lines grow in culture and are immortal, yet their genetic constitution remains obscure because the precise genetic alterations that speci®ed their tumorigenic growth are unknown. Because the genetic constitutions of these various normal and tumor-derived HAE cells are unknown, their utility in experiments designed to study the molecular and genetic basis of airway epithelial cell pathophysiology is limited.
The proliferative capacity of human cells in culture is constrained by at least two barriers (Sedivy, 1998) . Primary cells explanted into culture grow for a limited number of population doublings until they reach the ®rst proliferative barrier, termed replicative senescence (Hay¯ick and Moorhead, 1961) . This irreversible growth arrest is characterized by continued metabolic activity without cellular death (Wei and Sedivy, 1999) . Expression of the large T oncoprotein of the SV40 (LT) virus enables cultured cells to bypass replicative senescence (Stewart and Bacchetti, 1991; Wright and Shay, 1992) . Nonetheless the proliferation of post-senescent human cell populations expressing LT is still restricted by the second barrier represented by entrance into crisis, during which there is a slowing of cellular growth and widespread apoptosis (Sedivy, 1998; Wright and Shay, 1992) . Immortalized clones can emerge from within these crisis populations at low frequency; these highly selected cell clones may also have undergone additional mutational events in order to escape from crisis (Wright and Shay, 1992) . In a number of cell types, crisis can also be circumvented by ectopic expression of hTERT, the catalytic subunit of the telomerase reverse transcriptase enzyme (Counter et al., 1998; Halvorsen et al., 1999; Zhu et al., 1999) . This indicates that the lack of telomere maintenance is an important determinant of entrance into crisis (Lustig, 1999) .
In some cells such as ®broblasts, endothelial cells, mesothelial and retinal pigment epithelial cells, expressing of hTERT allows cells also to bypass senescence and become immortalized in a single step (Bodnar et al., 1998; Dickson et al., 2000; Kiyono et al., 1998; Vaziri and Benchimol, 1998) . For many other epithelial cells, however, senescence cannot be overcome simply by ectopic expression of telomerase (Dickson et al., 2000; Kiyono et al., 1998) . Thus, in mammary epithelial cells and keratinocytes, the hTERT-expressing immortal cell clones that eventually arise also show evidence of alterations in the retinoblastoma (pRB) tumor suppressor pathway (Kiyono et al., 1998) , notably a decrease in expression of the p16 INK4A CDK inhibitor protein through methylation of the gene encoding this protein. Hence, cells of dierent tissues of origin may dier in their genetic requirements for immortalization. It remains possible, however, that culture conditions and other factors also play an important role in determining replicative lifespan (Ramirez et al., 2001) .
One goal of the present work was to develop a model system with which to study the genetic events underlying the malignant transformation of human airway epithelial cells. While in the past human cells have proven to be resistant to transformation in vitro, we and others have recently described the transformation of human ®broblasts, kidney epithelial, mammary epithelial, mesothelial, and glial cells through the introduction of a limited number of genetic elements: the early region (ER) of the SV40 genome, the hTERT gene, and an oncogenic allele of H-ras Hahn et al., 1999; Rich et al., 2001; Yu et al., 2001) . We wished to determine whether primary airway epithelial cells could also be immortalized through the introduction of a limited number of genetic elements, and whether the resulting cells could also be transformed through the subsequent introduction of an additional genetic element, namely a ras oncogene, thereby yielding a novel experimental model of lung cancer development.
Results

Proliferation of primary airway epithelial cells in culture
We ®rst sought to examine the growth potential of primary tracheobronchial epithelial (hTBE) cells. To do so, we established populations of explanted hTBE cells and examined their growth potential in culture. This widely used airway culture method relies on reversion of the dierentiated native epithelial cells to a proliferative, undierentiated phenotype that can be sub-passaged. Each of seven independently derived populations demonstrated limited growth potential, entering into a senescence-like state after 40 ± 60 days in culture (Figure 1a) . None of these cell populations expressed mRNA encoding hTERT, the catalytic subunit of telomerase (Figure 1d ), but did express hTERC, the RNA template, as well as mRNA encoding the telomerase-associated protein TAP1, as measured by RT ± PCR (Figure 1d and data not shown). In addition, none of the cultured primary hTBE cells harbored telomerase enzymatic activity, as measured by the TRAP assay (Figure 1e and data not shown), raising the possibility that the replicative lifespan of hTBE cells may be limited by their lack of telomerase activity.
If the limited replicative lifespan of cultured hTBE cells is a consequence of the absence of telomerase activity, one might expect telomeres to progressively shorten as cells slow in their growth and enter into a senescence-like state. However, for the seven independently derived populations of hTBE cells described above, telomere length at passage 2 (which occurred between day 7 and day 10 in culture, depending on the speci®c cell population) did not predict replicative lifespan in culture (Figure 1b) . Likewise, in two independent cell populations in which telomere length was measured at all passages, cells entering senescence did not display signi®cantly shortened telomeres ( Figure 1c ). From these data we speculated that under the conditions tested, senescence of hTBE in culture could not be readily attributed to the absence of telomerase alone or to telomere shortening.
To formally test whether telomerase activity alone was sucient to render hTBE cells immortalized, we generated lines of hTBE cells that ectopically expressed the hTERT gene. Early passage hTBE cells were infected with an amphotropic retrovirus vector that transduces hTERT together with a puromycin drug resistance marker (Hahn et al., 1999) , or alternatively, a vector that transduces the drug resistance marker alone. Drug-resistant, polyclonal populations of infected hTBE cells were then isolated by drug selection. Expression of hTERT was con®rmed by the TRAP assay (Figure 1e ). Despite the acquisition of telomerase activity, these cell lines did not display a signi®cantly extended lifespan in culture. In each of three transfected cell populations studied, the telomeraseexpressing hTBE cells underwent growth arrest at approximately the same time as the control vectortransduced cells (Figure 1f ). Thus, in airway epithelial cells propagated under the conditions tested, there appear to be potent inhibitors of cell proliferation that function independently of telomere length and that must be circumvented to enable immortalization to occur. We note that the culture conditions used here have been optimized by greater than 15 years of systematic experimentation in several laboratories (Bernacki et al., 1999; Lechner et al., 1981 Lechner et al., , 1982 ). Nonetheless, it remains possible that alternative media formulations and conditions might allow immortalization with telomerase expression alone.
Generation of immortalized airway epithelial cell lines
Having established in the above experiments that telomerase expression alone failed to render hTBE cells immortalized, we next sought to examine the distinct processes of senescence and crisis in hTBE cells. In other epithelial cell types the expression of LT alone allows cells to bypass senescence but not crisis (Sedivy, 1998; Stewart and Bacchetti, 1991; Wright and Shay, 1992) . This second barrier to proliferation is overcome by the additional expression of hTERT, rendering the cells immortalized.
To determine whether LT expression in HAE cells also allows cells to bypass senescence and whether the subsequent expression of hTERT renders the cells immortalized, we constructed a panel of hTBE cells expressing either SV40 ER alone or together with hTERT. Populations of early passage hTBE cells were infected with an amphotropic retrovirus that transduces SV40 ER, which encodes both the LT and small t antigens, and a neomycin drug resistance marker (Hahn et al., 2002; Jat et al., 1986) . Polyclonal populations of infected hTBE cells were then isolated by drug selection. These cells were subsequently infected either with a control retrovirus vector that transduces only a hygromycin drug resistance marker or alternatively with a vector that carries the hTERT gene together with the hygromycin resistance marker. Hygromycin-resistant, polyclonal populations of cells were isolated by a second round of drug selection. LT expression was determined by Western blot (Figure 2a ) and telomerase activity was con®rmed by the TRAP assay in each cell population ( Figure 2b) .
Expression of the SV40 ER alone in hTBE cells extended the replicative lifespan of the cells and thus allowed them to bypass senescence ( Figure 2c ). Despite this extension of lifespan, cells that expressed the SV40 ER but not hTERT entered into a state of crisis after approximately eight additional population doublings. In contrast, cells expressing both SV40 ER and hTERT continued to proliferate long after the aforementioned cells entered into crisis. Hence, expression of both of these genetic elements was sucient to render hTBE cell immortalized.
To con®rm the generality of this cellular immortalization protocol for lung epithelial cells, we examined cultures of primary epithelial cells derived from the small airway (SA) which are both morphologically and physiologically distinct from hTBE cells (Mercer et al., 1994) , as evidenced by dierential expression of genes involved in water transport and other functions (Kreda et al., 2001) . As in the earlier experiments with hTBE cells, populations of SA cells were exposed to retrovirus that transduced SV40 ER together with the neomycin drug resistance marker and drug-resistant, polyclonal populations of SA cells were isolated by drug selection. These cells were subsequently infected either with a control retrovirus vector that transduces only a hygromycin drug resistance marker or, alternatively, with a vector that carries the hTERT gene together with the hygromycin resistance marker. Hygromycin-resistant, polyclonal populations of cells were isolated by a second round of drug selection.
Since we wished to examine not only the immortalization of SA cells but also their tumorigenic potential, we also infected each of the above populations of SA cells either with retrovirus that transduces only a puromycin drug resistance marker or alternatively, with a vector that carries an activated allele (G12V) of the H-ras oncogene together with the puromycin resistance marker. Puromycin-resistant, polyclonal populations of cells were isolated by a third round of drug selection prior to analysis of replicative lifespan. LT and Ras expression were con®rmed by Western Continued passage of the small airway-derived cell cultures demonstrated that cells expressing only SV40 ER and empty control vector lacking hTERT ceased to proliferate after approximately 14 population doublings (PD) following selection with puromycin ( Figure  3c ). In contrast, the cells expressing both SV40 ER and hTERT continued to proliferate inde®nitely and never entered into the states of senescence and crisis. The additional expression of H-ras in each of these cell lines had no signi®cant eect on their growth rate or replicative lifespan. Those cells that had acquired the SV40 ER and ras became senescent at approximately the same time as did those carrying the SV40 ER alone, while those carrying the SV40 ER and hTERT were immortalized, regardless of whether they also expressed ras. Hence, extending results previously reported for kidney epithelial cells and mammary epithelial cells Hahn et al., 1999) , airway epithelial cells from both the small airway and the bronchus bypassed both senescence and crisis only if they had acquired both the SV40 ER and hTERT.
Transformation of airway epithelial cell lines
Several lines of evidence suggest that immortalization of epithelial cells is a critical initial step in cellular transformation in vitro, and further, that once cells become immortalized, they are more readily transformed by introduced oncogenes (Newbold and Overell, 1983; Rhim et al., 1985) . We therefore sought to examine whether the SA cells, immortalized following expression of the SV40 ER and hTERT as described above, were rendered tumorigenic by a subsequently introduced oncogenic (G12V) H-ras or K-ras allele. Accordingly, we examined the eect of H-ras and Kras expression on the tumorigenic potential of these populations of SA cells.
The introduction of H-ras or K-ras into SA cells led to morphologic alterations, with such cells appearing spindle-shaped and highly refractile (Figure 4b) , consistent with the prior observations of others (Yoakum et al., 1985) . These changes occurred in cells irrespective of whether or not they also expressed hTERT (data not shown). In contrast, only those cells expressing the SV40 ER, hTERT, and an oncogenic form of Ras displayed growth characteristics of fully malignant cells, this being manifested by their ability to grow eciently in an anchorage-independent manner in soft agar and to form tumors when injected subcutaneously in immunode®cient mice (Table 1 ). The SA cells that had acquired only the SV40 ER and ras genes failed to form colonies in vitro and tumors in vivo. Similar results were observed for hTBE cells expressing the SV40 ER, hTERT, and H-ras (data not shown). Hence, in this model system, cellular immortalization is required in order for a ras oncogene to elicit the phenotype of tumorigenic transformation.
In other model systems tumorigenicity is greatly in¯uenced by the levels of the Ras oncoprotein Finney and Bishop, 1993; Harper et al., 1986; Rodriguez-Puebla et al., 1999) . However, that does not account for the lack of tumorigenicity in the SA cells that have acquired only the SV40 ER and ras genes, as these cells and their tumorigenic hTERT-expressing counterpart express similar amounts of Ras oncoprotein (Figures 3a and  4a ). In addition, the levels of Ras approximate those seen in the transformed human embryonic kidney epithelial cell line HA1ER (Figure 3a) , a cell line whose growth in soft agar and tumorigenicity in immunode®cient mice (Table 1) is a consequence of the ras gene introduced into these cells (Hahn et al., 1999) . Similarly, airway epithelial cells transduced with in their murine hosts with a mean latency of 12 weeks. Histologic analysis of these lesions revealed squamous cell carcinomas with keratin formation and occasional keratin pearls (Figure 4c and data not shown). The tumors appeared to be partly cystic, containing central uid-®lled cavities. In addition, there were large areas of stromal tissue interspersed between nests of tumor cells. Immunohistochemical analysis revealed that only the tumor cells expressed LT, con®rming that the nonepithelial stroma was derived from cells that had been recruited from normal tissues of the host mice ( Figure  4c) . We concluded that H-ras and K-ras were each able to act as oncogenes in small airway epithelial cells, and that both can contribute to the formation of squamous cell carcinomas of the lung. Moreover, the absence of tumors exhibiting the histology of adenocarcinomas could not be attributed to the speci®c type of ras oncogene used to transform the constituent tumor cells.
Differentiation of immortalized small airway epithelial cells
The behavior of the immortalized SA cells expressing only SV40 ER and hTERT (and thus lacking an oncogenic ras allele) was quite dierent. When injected subcutaneously, these cells formed only small (55 mm) nodules with lower frequency and only after 8 ± 12 weeks (Table 1) . Histologic analysis of these lesions revealed cystic,¯uid-®lled structures lined by a twocell-thick epithelial cell layer ( Figure 4c and Table 1 ). The epithelial cells were found to derive from the introduced human cells, this being veri®ed by immunohistochemical staining with an antibody speci®c for LT (Figure 4c ). The histology of these structures was similar to a small airway, suggesting that these immortalized cells expressing both SV40 ER and hTERT retained at least partial ability to dierentiate properly.
Discussion
The present study was motivated by the desire to create genetically de®ned human lung cancer cells. The human lung carcinoma cell lines that have been studied to date are poorly de®ned at the genetic level, as they carry an unknown number of genetic lesions that are presumably responsible for their malignant phenotype. These observations have provoked attempts at generating human lung cancer cell lines in vitro. Re¯ecting a substantial body of evidence with other cell types, the experimental transformation of airway epithelial cells appears to require their initial immortalization (Hahn et al., 1999; Newbold and Overell, 1983; Rhim et al., 1985; Sager, 1991) . The involvement of an unknown number of steps required for such spontaneous immortalization has, by necessity, made it dicult to ascertain the genetic constitution of these previously isolated tumor cell lines. These practical limitations and recent observations regarding the role of telomerase in cell immortalization (Lustig, 1999) prompted us to undertake the immortalization of human airway epithelial cells through the introduction of a set of speci®c genes.
Herein we demonstrate that the ectopic expression of hTERT alone does not render airway epithelial cells immortalized. Indeed, each of three cultures of hTBE cells entered into a senescence-like state despite expressing hTERT and containing readily detectable levels of telomerase activity. Furthermore, the length of telomeres in the cells did not appear to be a determinant of the timing of the onset of senescence, as mean telomere lengths of cultures of primary hTBE cells at passage 2 were not predictive of the replicative lifespan of the cells. In addition, HAE cells entered senescence prior to undergoing detectable telomere shortening. Although recently published experiments of others have suggested that replicative senescence of keratinocytes is only determined by telomere length (Ramirez et al., 2001) , the present ®ndings and other observations (Dickson et al., 2000; Kiyono et al., 1998; Sherr and DePinho, 2000) strongly suggest that the timing of senescence of the HAE cells under some culture conditions is independent of the length of the telomeric DNA.
Although the ectopic expression of hTERT did not allow HAE cells to escape the ®rst barrier to proliferation, senescence, it nonetheless appears to participate in the immortalization process. Both hTBE and bronchiolar SA epithelial cells that had bypassed senescence through the introduction of the ER of SV40 were subsequently immortalized by the additional expression of hTERT gene, and thus avoided crisis. The hTERT gene appeared to be essential for immortalization, as populations of cells lacking hTERT and expressing only SV40 ER entered into crisis and were not immortalized. Thus, the additional expression of hTERT allowed populations of cells to avoid the stringent selection during crisis that only rarely results in the outgrowth of spontaneously immortalized variant clones. The immortalized HAE cell lines described in this report, which have been created without the stringent selection of rare variant clones during crisis, have retained at least some capacity to recapitulate normal HAE cell functions. The immortalized SA cells transplanted to the subcutaneous space of immunode®cient mice established small cysts lined by epithelia reminiscent of small airways (Figure 4c ). In a similar fashion, others have previously demonstrated that bovine adrenal cells rendered immortal through the introduction of LT and hTERT were able to form histologic tissue that was similar to bovine adrenal cortex and to complement adrenal de®ciency, when placed ectopically in nude mice (Thomas et al., 2000) . The extent to which SA and hTBE cells recapitulate other physiologic characteristics of the human airway epithelium remains to be determined.
In order to become tumorigenic, SA cells needed to be both immortalized and transduced with an oncogenic H-ras or K-ras allele. SA cells that were transduced with the SV40 ER and H-ras but not hTERT were not immortalized and were non-tumorigenic. One interpretation of these data is that immortalization contributes directly to the ability of these cells to proliferate in the animal in vivo, independently of their replicative potential in vitro. Alternatively, it may simply be that the cells lacking telomerase entered into crisis during the experiments (as they appeared to do after several weeks in culture), and were unable to continue to proliferate suciently to yield colonies in soft agar or tumors in a mouse. Regardless of the mechanism, these data are consistent with the original observations of Newbold, Overell and Rhim et al., demonstrating that immortalization of cultured cells is a prerequisite to malignant transformation by a subsequently introduced oncogene such as ras (Newbold and Overell, 1983; Rhim et al., 1985) .
The expression of either K-ras or H-ras led to the ecient malignant transformation of SA cells that had been previously transduced with the SV40 ER and hTERT. Subcutaneous injection of each cell line into immunode®cient mice yielded tumors with similar histological characteristics. Although expression of oncogenic alleles of K-ras in human lung tumors is associated with adenocarcinomas (Rodenhuis et al., 1988) , these observations indicate that factors other than the presence of a particular oncogenic allele of ras also participate in specifying the histological appearance of lung cancers. For example, it may be that the proper target cells for malignant transformation into other histologic subtypes were not present in the initial cultures used to derive these cells. Consistent with this possibility, introduction of a latent K-ras allele that can spontaneously become activated in the germline of mice results in lung adenocarcinomas at high frequency (Johnson et al., 2001) . Since current methodologies depend on the reversion of the dierentiated native HAE cells to a proliferative, undierentiated phenotype, future studies will require immortalization and transformation of particular subtypes of dierentiated HAE cells to create further lung cancer models.
One additional striking feature of the tumors generated by these cancerous airway epithelial cells is that each contains a substantial stromal component derived from mouse tissues. Bands of stromal cells appear to be interlayered between nests of epithelia, suggesting a co-expansion of each cellular compartment. This raises the possibility that in these tumors the stromal cells contribute both trophic and mitogenic signals essential for the expansion of the cells forming the epithelium-derived portion of the tumor mass. Indeed, a role for stromal cells in malignant transformation of other types of epithelial cells has recently been postulated (Barcellos-Ho and Ravani, 2000; Olumi et al., 1999) .
The present approach provides an experimental system with which to analyse the functions of not only H-ras and K-ras, but other oncogenes implicated in lung cancer as well. One important future direction of this work will be to re®ne these existing models by introducing only those genetic changes known to occur in spontaneously arising lung cancers in humans. Certainly the use of the SV40 ER distinguishes these models from spontaneously arising human cancers. Our recent work with human embryonic kidney cells and ®broblasts has shown that the oncogenic potential of the SV40 Large T oncogene in the tumorigenic Hras expressing cells is equivalent to loss of RB or p16
INK4A function plus loss of p53 function, as perturbation of these two pathways could be achieved by manipulation of cellular genes controlling cyclin D1, CDK4 and p53 (Hahn et al., 2002) . These observations oer the prospect of creating lung cancer cells exclusively through modi®cation of those human genes that are known to be involved in spontaneously arising human lung cancers. These cells, as well as their immortalized but not malignant counterpart cells, will facilitate dissection of important issues related to the pathogenesis of lung cancer, such as the origin of tumors of dierent histologic subtypes, the complex relationship between primary tumor and host microenvironment, and later manifestations such as angiogenesis, local invasion and metastasis. Finally, the generation of new immortalized or fully malignant cells by the introduction of genes implicated in lung cancer may provide new diagnostic tools or suggest therapies for this prevalent human disease.
Materials and methods
Cells, cell culture, viral expression constructs
Brie¯y, large airway (tracheal and bronchial) epithelial cells were obtained from excess donor airway or from excised recipient lung tissue at the time of lung transplantation under Institutional Review Board-approved protocols. Epithelial cells were removed with protease XIV and were cultured on collagen-coated plastic in serum-free bronchial epithelial growth medium using procedures described previously (Bernacki et al., 1999) . The initial cell inoculum contains the various cell types present in vivo, but during culture on plastic the cells assume a mostly uniform poorly dierentiated morphology, without recognizable mucous or ciliated cells. Primary cells were trypsinized, counted, and passaged between 70 ± 90% con¯uence or stored as aliquots of frozen cells in liquid nitrogen, all using standard cell culture protocols. Small airway epithelial cells expressing cytokeratin 19 were obtained from a commercial source and culture conditions were as recommended by the supplier (Clonetics, Inc., Walkersville, MD, USA). To construct growth curves, thawed or passaged cells were seeded at a density of 1610 6 per 100 mm plate and were counted and passaged again (1 : 4) when they reached 70 ± 90% con¯uence. Normal human foreskin ®broblasts (GM) and the lung carcinoma cell lines A-549 and Calu-1 were obtained from ATCC and cultured as recommended by the supplier.
K-ras 4B G12V was subcloned from the original cDNA plasmid pSW 11-1 (McCoy et al., 1984) into pBABE-puro (Morgenstern and Land, 1990 ) and veri®ed by sequencing. All other viral constructs and all infection protocols are as described (Hahn et al., 1999) , with the exception that in some experiments Fugene (Roche, Inc., Indianapolis, IN, USA) was employed as recommended by the manufacturer for lipofection of retroviral constructs into packaging lines to generate virions for retroviral transduction. Retrovirally infected cells were puri®ed by selection in either Geneticin for neomycin phosphotransferase-expressing cells (Life Technologies, Inc., USA; 200 ± 400 mg ml 71 ), puromycin (Sigma Aldrich, St. Louis, MO; 0.5 mg ml 71 ), or hygromycin (Sigma Aldrich, St. Louis, MO; 100 mg ml 71 ) as appropriate, for four days following infection or until the death of a mockinfected but similarly treated control population of cells.
Molecular biology
Western blot analysis was performed as described (Hahn et al., 1999) . Pan-Ras antisera (Upstate Biotechnology Inc., Waltham, MA, USA) and K-Ras-speci®c antibody clone F234 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used according to the manufacturer's recommendation. Immunohistochemical detection of cells expressing SV40 Large T antigen was performed by the avidin : biotinylated enzyme complex procedure (Vector Laboratories, Inc.). Formalin-®xed, paran-embedded tissue sections were stained with a mouse monoclonal antibody (Santa Cruz Biotechnology) speci®c for large T antigen, used at a dilution of 1 : 75. Endogenous peroxidase was quenched by incubating tissue for 15 min in 0.3% hydrogen peroxide at room temperature. Antigen retrieval was performed using heat treatment in 0.1 M sodium citrate buer, pH 6.0. Tissue was incubated with primary antibody for 2 h and 1 h in biotinylated universal secondary antibody (Vector Laboratories, Inc.). DAB (diaminobenzidine tetrahydrochloride) peroxidase substrate was used for visualization. All other antibodies and antisera have been previously described (Hahn et al., 1999) , and TRAP assay for telomerase enzymatic activity was performed as described (Hahn et al., 1999) . For TRF Southern blot analysis, genomic DNA from cultured cells was digested with HinfI and RsaI or left undigested. The DNA was fractionated on a 2% agarose-TAE gel and transferred to a Hybond (Amersham, UK) membrane. Denatured DNA on the membrane was probed with a 32 P end-labeled 18 bp anti-sense telomere repeat oligonucleotide (CCCTAACCCTAACCCTAA) using Rapid-Hyb solution (Amersham) per the manufacturer's instructions. Blots were exposed to BioMax MS ®lm (Eastman Kodak, Rochester, NY, USA) or on PhosphorImager screens and were analysed using NIH Image software.
RT ± PCR of RNA from cultured cells was performed using Tri Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) and purifying RNA according to the manufacturer's recommendation. RNA was digested with RQ-1 RNAse-free DNAse in the presence of RNAsin (both from Promega, Madison, WI, USA) and repuri®ed using RNEasy columns (Qiagen, Chatsworth, CA, USA). cDNA was made using Random Primer hexanucleotides and Super Script II reverse transcriptase (both from Life Technologies, Inc., Grand Island, NY, USA). PCR was performed using oligonucleotide primers speci®c for the telomerase RNA template (hTERC, forward -TCTAACCCTAACTGAGAA-GGGCGTAG, reverse -GTTTGCTCTAGAATGAACGG-TGGAAG), telomere-associated protein gene (TAP, forward -TCAAGCCAAACCTGAATCTGAG, reverse -CCCGAG-TGAATCTTTCTACGC), and hTERT (forward -CGGAG-GAGTGTCTGGAGCAA, reverse -GGATGAAGCGGAG-TCTGGA). PCR conditions were optimized empirically using AmpliTaq Gold DNA polymerase (Perkin-Elmer, Branchburg, NJ, USA) and a PTC-100 thermal cycler (MJ Research, Watertown, MA, USA).
Growth and tumorigenicity assays
Growth curves, growth in soft agar, and tumorigenicity assays in immunode®cient mice were performed as described (Hahn et al., 1999) .
